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Antitoxins from prokaryotic type II toxin-antitoxin
modules are characterized by a high degree of
intrinsic disorder. The description of such highly
flexible proteins is challenging because they cannot
be represented by a single structure. Here, we pre-
sent a combination of SAXS and NMR data to
describe the conformational ensemble of the PaaA2
antitoxin from the human pathogen E. coli O157.
The method encompasses the use of SAXS data to
filter ensembles out of a pool of conformers gener-
ated by a custom NMR structure calculation protocol
and the subsequent refinement by a block jackknife
procedure. The final ensemble obtained through
the method is validated by an established residual
dipolar coupling analysis. We show that the confor-
mational ensemble of PaaA2 is highly compact and
that the protein exists in solution as two preformed
helices, connected by a flexible linker, that probably
act as molecular recognition elements for toxin inhi-
bition.
INTRODUCTION
The occurrence and biological importance of intrinsic disorder in
individual proteins (so-called intrinsically disordered proteins or
IDPs) and macromolecular complexes have been recognized
for several decades (Wright and Dyson, 1999; Tompa, 2012).
Intrinsic disorder plays an important role in many cellular
processes that require rapid responses. Because of their un-
structured nature in the unbound state, the rapid turnover of
IDPs provides a way for the cell to almost instantly adapt to
changing external circumstances (Fink, 2005; Dyson andWright,
2005). From the point of view of the structural biologist, it has
become clear that these systems explore a vast conformational
space. Hence, their structure cannot be represented by a single854 Structure 22, 854–865, June 10, 2014 ª2014 Elsevier Ltd All righconformation (Boehr et al., 2009; Tompa, 2011). Instead, an
ensemble of conformers can convincingly describe the structural
properties of a macromolecular entity with intrinsically disor-
dered segments (Wells et al., 2008; Bertini et al., 2009; Huang
et al., 2009; Bernado´ et al., 2010; Marsh et al., 2010; Mittag
et al., 2010; Leyrat et al., 2012). Solution structure techniques,
such as small-angle X-ray scattering (SAXS) and nuclear
magnetic resonance (NMR) spectroscopy, are well suited to
achieve this goal. Although these techniques independently
provide valuable information, it is increasingly recognized that
a correct description of the conformational ensemble of an IDP
often requires a combination of both (Mittag and Forman-Kay,
2007; Madl et al., 2011). Different approaches combining SAXS
and NMR data have been devised to quantitatively describe
the behavior of intrinsically disordered systems. Most methods
employ a similar rationale. In a first step, a statistical coil gener-
ator is used to sample the available conformational space. This
leads to the generation of a large pool of structures from which
a subset of conformers is selected by comparing back-predicted
properties to experimental data sets. By definition, the final
ensemble is the collection of conformers that best agrees with
the experimental data sets and thus best describes the proper-
ties of the flexible system of interest.
In the ASTEROIDS approach, the initial pool is produced by
the statistical coil generator Flexible-meccano (Ozenne et al.,
2012). The selection of the final ensemble from this pool occurs
through recursive application of a genetic algorithm that uses
either experimental SAXS data (Bernado´ et al., 2007), experi-
mental residual dipolar couplings (RDCs), chemical shifts (CS),
and/or paramagnetic relaxation enhancements as restraints
(Nodet et al., 2009; Jensen et al. 2010; Salmon et al., 2010).
The maximum occurrence (MO) method (Bertini et al., 2010)
employs RanCh, an offspring of the SAXS-based ensemble
optimization method (EOM; Bernado´ et al., 2007), to create the
initial pool of conformers. In this approach, the SAXS data are
combined with pseudocontact shifts and RDCs arising from
the presence of paramagnetic lanthanide ions introduced into
the biomolecular frame. Subsets of conformers are then picked
from the initial pool by a stochastic selection procedure and opti-
mized through a simulated annealing approach until the finalts reserved
Figure 1. Sequence-Based Structural Anal-
ysis of PaaA2
The prediction of PaaA2 disorder tendency using
different prediction algorithms (annotated in the
plot and shown in different colors) is shown at the
top. The region Glu18 to Ala30 with a slight ten-
dency for structure is highlighted by the gray area.
The predicted secondary structure of PaaA2
based on in silico analysis through JPRED and
PSIPRED is shown below. Cylinders indicate a
helices.
See also Figure S1.
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Conformational Ensemble of PaaA2ensemble has been obtained. Another approach, applied in the
program ENSEMBLE (Marsh and Forman-Kay, 2011), may use
either TraDES (Feldman and Hogue, 2000) or a set of user-
defined structures to generate the initial pool. Like in the MO
method, the selection procedure for subsets of conformers is
stochastic. The back-calculated properties of the selected
structures may be fitted against a wide variety of experimental
restraints (Marsh and Forman-Kay, 2011). The process is
repeated until a final ensemble of desired size has been
obtained.
Most of these approaches involve the use of RDCs as
restraints in the ensemble calculation because they report not
only on the structural propensities of IDPs, but also on their
dynamics on various timescales. Therefore, RDCs are powerful
tools in the quantitative description of IDPs (Jensen et al.,
2009). Although these proteins display high degrees of flexibility,
many IDPs contain secondary structure elements (predomi-
nantly a helices) in their unbound state and are thus not entirely
disordered (Fuxreiter et al., 2004). Although RDCs are sensitive
probes for the presence of local (and long-range) structure,
nuclear Overhauser effects (NOEs) are equally powerful descrip-
tors of secondary structure elements. In the case of IDPs
containing preformed a helices, we therefore reasoned that
NOE analysis may serve a role for establishing the local structure
in the ensemble calculation. In this paper, we present a combina-
tion of SAXS and NMR to describe the model ensemble of a
highly flexible protein encoded by a toxin-antitoxin (TA) module,
which contains preformed a helices in the absence of its binding
partner.
TA modules are stress-response elements (Christensen et al.,
2003; Cooper et al., 2009; Christensen-Dalsgaard et al., 2010)
implicated in the establishment of persisters (Shah et al., 2006;
Maisonneuve et al., 2011). Their behavior and biological func-
tions are mediated by intrinsic disorder (Lah et al., 2005; De
Jonge et al., 2009; Garcia-Pino et al., 2010). Many different TA
families exist that differ in the targets of the toxins and the nature
of the DNA-binding domain of the antitoxins (Buts et al., 2005;
Gerdes et al., 2005; Leplae et al., 2011; Blower et al., 2011;
Hayes and Van Melderen, 2011). The Escherichia coli O157
three-component paaR2-paaA2-parE2 TA module encodes the
PaaA2 antitoxin and the ParE2 toxin. Although this module isStructure 22, 854–865, June 10, 2014related to the relBE and parDE families,
the target of the ParE2 toxin remains un-
known (Hallez et al., 2010). The model
conformational ensemble of the antitoxinPaaA2 is determined by a structure calculation protocol
combining SAXS and NMR. In our approach, we generate a large
pool of structures derived from experimental CS and NOE data
and select ensembles of varying sizes using SAXS data through
EOM, followed by a final block jackknife refinement (Efron, 1982).
Validated by an established RDC analysis, our results show that
this antitoxin has all the hallmarks of an IDP, yet its final model
conformational ensemble is rather compact, which may have
important biological implications.
RESULTS
PaaA2 Is an Atypical Nonglobular Member of the RelB-
Antitoxin Family
Recently, it was shown that PaaA2 belongs to the RelB-antitoxin
family (Leplae et al., 2011). Compared with the classic RelB an-
titoxins (typically 80–100 amino acids), the E. coli O157 PaaA2
antitoxin is significantly shorter (63 residues). Sequence analysis
reveals that, in contrast to canonical RelB antitoxins such as
E. coli RelB1, PaaA2 lacks a DNA-binding domain (Figure S1
available online). This raises the question whether PaaA2 is
merely an intrinsically disordered toxin-binding domain rather
than a classic antitoxin with dual binding functionalities (i.e.,
DNA and toxin binding). Different intrinsic disorder predictors
indeed indicate that PaaA2 has a large tendency to be unstruc-
tured. However, a stretch of residues (Glu18 to Ala30) has a slight
propensity for structure, suggesting that the antitoxin is not fully
disordered (Figure 1). Secondary structure prediction suggests
the presence of two a helices, one of which corresponds to the
aforementioned segment (Glu18 to Ala30). Interestingly, in our
sequence alignment, the two predicted a helices coincide with
the C-terminal toxin-neutralizing segments of the classic RelB
antitoxins (Figure S1). Taken together, these results suggest
that PaaA2 is an IDP-like protein possessing secondary struc-
ture elements in the absence of its cognate binding partner
ParE2.
To confirm the above-mentioned hypothesis experimentally, a
combination of dynamic light scattering (DLS), analytical size
exclusion chromatography (SEC), and circular dichroism (CD)
spectroscopy was used. Estimation of the antitoxin’s secondary
structure content based on the analysis of the CD spectrumª2014 Elsevier Ltd All rights reserved 855
Figure 2. Biophysical Characterization of
PaaA2 in Solution
(A) CD spectra of PaaA2 collected at different
temperatures. The gray arrow represents the
effect of the increasing temperature on the mean
residue ellipticity measured at 222 nm, plotted for
convenience in the inset.
(B) DLS. The black dots and gray line represent
the experimental data and fit, respectively. The
residuals (Res.) are shown. The percentage of
mass as a function of the Rh distribution is given in
the inset.
(C) Analytical SEC. The elution peaks of the stan-
dard proteins (in gray) are indicated by letters:
bovine thyroglobulin (peak A, Mr = 670 kDa, Rh =
8.6 nm), bovine g-globulin (peak B, Mr = 158 kDa,
Rh = 5.1 nm), chicken ovalbumin (peak C, Mr =
44 kDa, Rh = 2.8 nm), horse myoglobin (peak D,
Mr = 17 kDa,Rh = 1.9 nm), and vitamin B12 (peak E,
Mr = 1.35 kDa, Rh = /). The inset shows an SDS-
PAGE (15% gel) analysis of the PaaA2 elution
peak.
See also Figure S2 and Table S1.
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Conformational Ensemble of PaaA2reveals that PaaA2 consists of random coil with a significant
amount of a helices (35% a helicity; Figure 2A and Table S1).
Thermal denaturation of PaaA2, monitored at 222 nm in CD
spectra (Figure 2A, inset), shows that the a-helical content dimin-
ishes with increasing temperature. It is noteworthy that the dena-
turation is fully reversible (Figure S2) and that the thermal profile
is not sigmoidal, suggesting that the unfolding event occurs
through a noncooperative process. The analytical SEC and
DLS experiments indicate that PaaA2 displays IDP-like features
and adopts an extended, nonglobular conformation (Figures 2B
and 2C). The ratios between the apparent and theoretical values
for molecular mass (Mr,app/Mr,theor) and hydrodynamic radius
(Rh,app/Rh,theor) are 2.2–2.8 and 1.3–1.6, respectively, which is a
typical trait for IDPs (Csizmo´k et al., 2006). Furthermore, the
IDP-like character of PaaA2 is also in agreement with an aberrant
mobility on SDS-PAGE: again, IDPs are notorious for migrating
with a larger apparent molecular mass than the one based on
their amino acid sequence (Tompa, 2002). In the case of
PaaA2, Mr,theor is 8.5 kDa. These findings provide strong evi-
dence that the PaaA2 antitoxin adopts a nonglobular conforma-
tion in solution.
SAXS Reveals the Highly Flexible Nature of PaaA2
The structural properties of PaaA2 in solution were further inves-
tigated by SAXS measurements (Figure 3A and Table S2). The
SAXS data also indicate that PaaA2 is an IDP-like protein as
the normalized Kratky plot displays the behavior of a highly
flexible biomolecule (Figure 3A, inset). Furthermore, comparison
of the experimentally determined Rg of PaaA2 with the values
expected for an IDP of similar length (63 amino acids) or a glob-
ular protein with a similar molecular mass (8.5 kDa) suggests
that the behavior of PaaA2 in solution most resembles that of
an IDP and not of a globular protein (Figure 3B). It is, however,
noteworthy that theRg of PaaA2 lies just beneath the Flory region
(Bernado´ and Svergun, 2012), indicating that the antitoxin does
not behave as a random-coil IDP in solution. For such completely
unfolded proteins, the normalized Kratky plot reaches a plateau856 Structure 22, 854–865, June 10, 2014 ª2014 Elsevier Ltd All righ2.0 (Durand et al., 2010). This is clearly not the case for PaaA2,
where the normalized Kratky plot levels off at 1.5. In conclusion,
the SAXS data indicate that PaaA2 displays a highly flexible
character.
PaaA2 Harbors Two a Helices Connected by a Flexible
Linker
The fully assigned 1H-15N HSQC spectrum of PaaA2 shows that
most of the backbone amide resonances are confined to a
narrow spectral region (Figure 4A), typical for IDPs or proteins
with a high a-helical content (Wu¨thrich, 1986; Wishart et al.,
1991). The few NH peaks outside of this range (dashed boxed
peaks in Figure 4A) originate from the side chain amide groups
of Gln and Asn residues and from the indole group of Trp24.
Chemical shift-based secondary structure predictions with
DANGLE and TALOS+ suggest the presence of two a helices
(residues Glu16 to Lys28 and His42 to Arg57), connected by a
linker segment (Figure 4B), which is in agreement with our bio-
informatics analysis. On the other hand, d2D (Camilloni et al.,
2012), which is benchmarked for IDPs, identifies two stable
cores existing in an a-helical conformation for more than
80% of the time: residues Asn22 to Arg26 and Glu46 to Glu51
for helices 1 and 2, respectively (Figure 4C). These core regions
coincide with the predicted a helices and contain flanking
regions with percentages of a helicity between 15% and 80%
(Figure 4C), which is overall in agreement with the CD data
(Table S1). All of the other residues are predicted to adopt
a coil-like conformation. In agreement with these predictions,
the NOE spectroscopy (NOESY) spectra indicate the absence
of b sheet signatures and contain peaks characteristic of a
helices.
In order to address the PaaA2 dynamics on the pico- to
nanosecond timescale, we studied the NMR relaxation proper-
ties of the PaaA2 backbone amides (Figure S3). The general-
ized order parameters (S2) and local rotational correlation times
(ti) indicate that PaaA2 contains two rigid regions (Thr14 to
Leu33 and His42 to Arg60) flanked by highly flexiblets reserved
Figure 3. Determination of the Model Conformational Ensemble of PaaA2 through a Combination of SAXS and NMR
(A) The scattering curve of PaaA2 obtained by extrapolating all data at different concentrations to the zero concentration. The experimental data are shown in
black, the error margins are shown in gray, and the fit of the optimal model ensemble is shown in red. The inset shows the normalized Kratky plot.
(B) Comparison of the experimentally determined Rg of PaaA2 with the Rg of an IDP with the same length (full black line; the gray area represents the confidence
interval of the Flory equation) and the Rg of a globular protein with the same molecular mass (dashed black line).
(C) c2 analysis of the EOM-derived model ensembles before (black dots) and after (red dots) application of the block jackknife.
(D) Comparison of the Rg distribution of the initial selection pool (black line) and the selected model ensemble (filled red lines).
(E) Comparison of the experimentally determined 1H-15N RDC values (black line) and the ensemble-averaged RDCs of the final PaaA2 ensemble back-calculated
using PALES (red line).
See also Figure S4 and Table S2.
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Conformational Ensemble of PaaA2polypeptide stretches (Figure 4B). This finding is in excellent
agreement with the PaaA2 secondary structure as seen in the
NOE-based solution structure, with rigid regions mapping out
onto the two a helices. The relaxation data did not fit well to
an isotropic diffusion model assuming a single, global rotational
correlation time (tM), suggesting that different parts of the pro-
tein may sample different motional regimes. Indeed, inclusion
of the individual correlation times for each residue (ti) signifi-
cantly improves the fit, with the optimized ti values mirroring
the S2 trend outlining the rigid a helices (Figure 4B). Interest-
ingly, only four PaaA2 residues needed an exchange contribu-
tion (R2,ex < 14 s
1) to the transverse relaxation rate (R2) for a
good fit (Table S3), which agrees well with the experimentally
measured R2,ex data showing flat relaxation dispersion profiles
(data not shown). Considering that the model-free analysis is
inappropriate for highly flexible proteins (Metcalfe et al.,
2004), the experimental R2,ex z 0 contributions match well
the relaxation model prediction. Altogether, these findings
reveal that, in the absence of its cognate binding partnerStructure 22,ParE2, the PaaA2 antitoxin in solution harbors two a helices
connected by a flexible linker.
NMR and SAXS Provide an Adequate Description of the
PaaA2 Model Conformational Ensemble
The results obtained from the NMR and SAXS experiments were
combined in search of the model conformational ensemble that
describes well the solution behavior of PaaA2. In the first step, a
pool of 5,000 structures was generated based solely on the NMR
data (CS and NOEs; Table 1) through a modified NMR structure
calculation protocol, in an attempt to deal with the conforma-
tional heterogeneity of the protein.
Based on the two sets of dihedral angles estimated from the
experimental CS data by use of DANGLE and TALOS+, a final
set of dihedral angle restraints was obtained as follows: a
restraint was only used if predicted by both programs, in which
case the broadest combined angle range was employed. For
the NOE data, the full 13C and 15N NOESY peak lists with partial
manual assignments were directly used an input. The peak854–865, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 857
Figure 4. NMR Experiments
(A) The 1H-15NHSQC spectrum of PaaA2. The inset represents the backbone NH peaks: each peak has been assignedwith its corresponding amino acid, and the
black dots represent the peaks stemming from the FLAG tag amino acids. The peaks in the dashed boxes represent signals from the NH groups of Asn, Gln, and
Trp residues.
(legend continued on next page)
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ARIA spin diffusion correction, whereas partially assigned or
unassigned peaks were assigned by ARIA within the modified
structure calculation protocol. Finally, to treat the conformation-
ally averaged restraints more appropriately during the final
stages of the structure calculation, a log-harmonic potential
was employed. It is important to emphasize that, by utilizing
this approach, all structures in the starting pool individually
satisfy the NOE-derived restraints and CS-estimated dihedral
angles.
Model ensembles of varying size (N) were selected from the
5,000-member starting pool using the recorded SAXS data
through EOM. Interestingly, all EOM runs provide model ensem-
bles with a similar distribution for the radius of gyration Rg and
themaximum intraparticle distanceDmax. The reported c
2 values
for the runs with differentN are very similar (1.43 ± 0.08) and thus
cannot be used on their own to select a model ensemble that
best fits the experimental data (Figure 3C, black dots). To pursue
our endeavor, we refined the search protocol by applying a block
jackknife procedure on the EOM-derived SAXS ensembles. The
resulting c2 values for the different EOM runs treated with and
without the block jackknife approach are plotted as a function
of the ensemble size (Figure 3C). Upon implementation of the
block jackknife protocol, it becomes obvious that the effect of
randomly removing conformers from the population decreases
with increasing population size. This trend levels off at around
N = 50 and remains similar for larger ensemble sizes (Figure 3C,
red dots), thus suggesting that a 50-member model ensemble
best describes the structural properties of PaaA2 in solution.
Interestingly, the final model ensemble displays an anisotropy
in its coverage of the available conformational space compared
with the initial selection pool. As can be seen from Figures 3D
and 5, the ensemble members adopt a rather compact confor-
mation. To validate the described calculation method, 1H-15N
RDCs were measured in a suspension of filamentous phages.
The measured RDCs are negative except in the two helical re-
gions of the protein, where positive RDCs with characteristic
dipolar wave signatures are observed (Jensen and Blackledge,
2008). We back-calculated the RDCs from the 5,000-member
starting pool and the final PaaA2 model ensemble using PALES
(Zweckstetter and Bax, 2000) assuming steric alignment, which
is a good approximation because all experiments were carried
out at high ionic strength. Both back-calculated RDC data sets
are compared with the experimental RDCs. As can be seen
from Figures 3E and S4, the final PaaA2 model ensemble,
obtained by the combination of NMR and SAXS described
above, provides a better description of the experimentally deter-
mined 1H-15N RDCs compared with the starting pool (c2 = 7.61
versus c2 = 8.62; Q = 0.48 versus Q = 0.51).
Finally, the influence of the starting pool of structures on
the properties of the final model ensemble was also investigated.
Using Flexible-meccano, two different 5,000-member starting
pools were generated: a randomcoil pool containing no a helices(B) The general order parameter S2 and local correlation time ti for each residu
backbone chemical shift data by DANGLE and TALOS+ is shown below.
(C) The predicted secondary structure of PaaA2 based on the analysis of the bac
percentage of a helicity for every residue. The helices represent the residues wit
See also Figure S3 and Table S3.
Structure 22,and a pool with a-helical populations based on the d2D output.
Hence, both initial pools reflect the disordered nature of PaaA2
but do not represent the experimental NOE data. Applying
the approach described above shows that ensembles selected
from both pools can satisfy the SAXS data but that only en-
sembles selected from the pool containing the preformed a
helices can adequately reproduce the NOE and RDC data
(Figure S5).
DISCUSSION
PaaA2 is an atypical member of the RelB-antitoxin family (Leplae
et al., 2011). Unlike the archetypal members of this antitoxin
family, which have a well-structured N-terminal DNA-binding
domain and a disordered C-terminal toxin-binding segment,
the DNA-binding domain is absent in PaaA2. This implies that
this antitoxin would occur as an intrinsically disordered toxin-
inhibiting protein without DNA-binding capacities. Although it
has been demonstrated that PaaA2 is unable to bind the pro-
moter region of the paaR2-paaA2-parE2 module by itself and
that PaaA2 is extremely efficient at alleviating the toxic effect
of the ParE2 toxin in vivo (Hallez et al., 2010), our in vitro results
(SEC, DLS, NMR, and SAXS) provide experimental evidence for
the highly flexible nature of the PaaA2 antitoxin.
To obtain a more accurate description of the model conforma-
tional ensemble of PaaA2, we have employed a combination of
SAXS and NMR. The method utilizes a rationale similar to that
of the existing approaches combining SAXS and NMR designed
to describe the properties of IDPs in solution (Bertini et al., 2010;
Marsh and Forman-Kay, 2011; Nodet et al., 2009; Ozenne et al.,
2012) but differs in its execution. Like in the other approaches,
the first step consists of generating a large pool of conformers.
However, unlike the other methods, the initial pool is not con-
structed by use of a statistical coil generator, but through amodi-
fied NMR structure calculation protocol given the presence of
preformed helices. This protocol directly incorporates experi-
mental NOE data and CS-derived dihedral angles but attempts
to compensate for the conformational heterogeneity experi-
enced by PaaA2 in two key ways. First, it employs a log-
harmonic potential to restrain the NOE-derived interatomic
distances in order to better deal with NOE inconsistencies intro-
duced by conformational averaging. Second, it combines
different dihedral angle estimation procedures from the chemical
shifts, essentially resulting in a more dependable consensus
prediction.
Our approach makes the assumption that the rotational corre-
lation times affecting different interproton vectors are homoge-
neous throughout the protein (which is rather unlikely in such
an anisotropic protein), that the helices are populated to the
same extent in each conformer, and that the exchange between
the conformers is slow with respect to relaxation but fast with
respect to chemical shift averaging. In view of the high helical
content on the basis of chemical shift analysis, thesee. The predicted secondary structure of PaaA2 based on the analysis of the
kbone chemical shift data by d2D. The boxes under the prediction display the
h a percentage higher than 50%.
854–865, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 859
Table 1. Summary of Structural Statistics for the 50 Selected
PaaA2 Structures
Experimental Data
Resonance assignment completeness (%)
Backbone H 94.26
Backbone non-H 93.43
Side-chain H 94.71
Side-chain non-H 69.88
Distance restraints
Intraresidue (i  j = 0) 389
Sequential (ji  jj = 1) 176
Medium range (1% ji  jj% 4) 35
Long range (ji  jjR 5) 0
Total 600
Restraints per residue 8.45
Dihedral restraints
Phi angles 34
Psi angles 35
Validation Statistics
Restraints statistics, average per structure
NOE distance restraint violationsa
>0.1 A˚ 20.00
>0.5 A˚ 4.84
NOE energy per restraint (min/
mean/max)b
0.29/0.32/0.35
NOE restraint weight (min/mean/
max)b
14.73/17.21/20.01
Dihedral violations 1–5 1.6
All Helix
CING scoresc
Red/orange/green (in % residues) 11/17/72 6/16/78
WHATIF first generation packing 0.35 ± 1.04 2.25 ± 1.30
WHATIF second generation packing 1.47 ± 1.50 2.72 ± 1.63
Ramachandran plot appearance 4.25 ± 0.82 3.34 ± 1.11
c1/c2 rotamer normality 1.43 ± 0.94 1.46 ± 1.17
Backbone conformation 2.94 ± 0.87 2.36 ± 1.41
Ramachandran plot quality (Procheck)d
Most favored regions (%) 80.5 74.8
Additional allowed regions (%) 16.6 21.4
Generously allowed regions (%) 1.0 1.5
Disallowed regions (%) 1.9 2.3
For the structure validation statistics, values are given for the whole
sequence (left) and only the helical parts (right).
aThe violations listed here are based on the lower/upper distance re-
straints and flat-bottomed harmonic wall potentials, even though bound-
ary-free log-harmonic potentials were used in the final stages of the
structure calculation.
bThe average NOE energy per restraint and the average automatic NOE
weight are given as more meaningful measures to assess the log-
harmonic restraints.
cDoreleijers et al. (2012).
dLaskowski et al. (1996).
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of the initial ensemble. The second step, which involves the
selection of ensembles of varying sizes from the starting pool,
strongly resembles the ASTEROIDS approach. That is, the
ensembles are selected using experimental SAXS data through
a genetic algorithm (EOM). However, because the selection of
the optimal PaaA2 ensemble size solely based on the output of
the EOM analysis proves to be difficult, we have applied an addi-
tional block jackknife procedure on the EOM-derived SAXS data.
This seems to provide an effectivemeans of identifying the struc-
tural ensemble that best represents the experimental NMR and
SAXS data. Furthermore, the validity of the final model ensemble
is supported by a comparison of ensemble-averaged, back-
calculated RDCs to an experimental RDC data set, which was
not employed as a restraint during the ensemble calculation.
Although the back-calculated RDCs of both the starting pool
and the final model ensemble nicely reproduce the local struc-
ture of the a helices, the final PaaA2 model ensemble provides
a better description of the experimentally determined 1H-15N
RDCs. The improvement in the reproduction of the RDCs by
the final model ensemble is a result of the compactness that is
displayed by PaaA2, a feature that was revealed by our SAXS
experiments. Thus, the combination of both SAXS and NMR
appears to be necessary for the description of the solution struc-
ture of IDPs because some of the ensemble features of PaaA2
are detected by one technique but not by the other. For PaaA2
in particular, an ensemble calculated based on the NMR data
alone would yield an isotropic ensemble containing a helices,
whereas the sole employment of SAXS would generate a
compact ensemble lacking the preformed a helices. Overall,
the strategy provided in this paper can be considered as an extra
utensil in the structural biologist’s toolbox in an attempt to quan-
titatively describe the solution properties of IDPs.
Another interesting issue is raised upon the application of our
selection procedure on a starting pool naive to the experimental
NOE data (i.e., the structures do not necessarily satisfy the NOE
data independently). Selection from a starting pool generated by
Flexible-meccano, which contains a-helical content based on
the d2D output, provides a final model ensemble that reproduces
the experimental NOE and RDC data fairly well. Interestingly, a
similar trend is observed for the ensemble-averaged back-pre-
dicted NOEs as for the SAXS analysis: (1) the discrepancies
between the experimental and the ensemble-averaged back-
calculated data sets decrease with increasing ensemble size,
and (2) some conformers individually display large violations
with respect to the experimental data but are acceptable within
the final model ensemble. This might indicate that NOE analysis
is not only useful for establishing the local structure of secondary
structure elements, but that, in the case of PaaA2 and IDPs with
similar features, they may also potentially play a significant role
as a filter in refining the composition of the IDP’s conformational
ensemble. NOEs are not conventionally used for the quantitative
description of IDPs because of the sharp dependence on
the exact value of the rotational correlation time, tc, for each
particular internuclear vector (Jensen et al., 2009) and probable
confusion of exchange rates between conformers and rotational
correlation times. In this case, where preformed a helices appear
to behave as separate structural units with respect to the rest of
the polypeptide chain and each unit can be characterized by itsts reserved
Figure 5. NMR- and SAXS-Derived Model
Ensemble of PaaA2
(A and B) Stereo figures of a model ensemble
of 50 conformers selected randomly from the
initial NMR pool (A) and the final NMR- and
SAXS-derived 50-member model ensemble
of PaaA2 (B). All structures are superposed
on the first helix (colored in cyan). The second
helix is colored according to the Rg of the
conformer (the coloring scheme is indicated by
the bar).
(C) Contact maps showing chain proximity in
the random model ensemble (left) and the
final model ensemble derived by combining
SAXS and NMR data (right). The definition of the
metric Dij is described in the Experimental Pro-
cedures.
See also Figure S5.
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Conformational Ensemble of PaaA2own tc value, these possible sources of artifact were considered
acceptable. Thus, there is a gray area between the well-estab-
lished traditional structure calculation approaches for globular
proteins and the well-evolved approaches for determining
conformational ensembles for IDPs lacking preformed elements.
The results for PaaA2 presented here suggest that the applica-
tion of NOEs during the calculation may be justified for at least
IDPs containing preformed a helices.
The final model ensemble of the PaaA2 antitoxin displays two
features that are of interest for its biological function. First, the
model ensemble displays a higher level of compactness than
one would expect from an IDP-like protein. This feature, which
is perceived in the SAXS data because PaaA2 lies just under
the Flory region (Figure 3B), seems to be typical for IDPs contain-
ing long-range contacts (Bernado´ and Svergun, 2012). However,
the NOE cross-peaks corresponding to these long-rangeStructure 22, 854–865, June 10, 2014interactions were not observed for
PaaA2. This can be explained either by
a transient formation of the long-range
contacts or a low fractional population
of the conformers displaying such
interactions. Although PaaA2 may as-
sume a certain level of compactness, it
is clear that the protein neither adopts a
globular conformation nor contains a hy-
drophobic core. Although the former is
supported by the analytical SEC and
DLS experiments, the latter is evidenced
by the thermal unfolding data. The
moderate decrease in a helicity with
increasing temperature is probably
caused by a gradual melting of the two
a helices. The compactness of the
PaaA2model ensemble is also interesting
from a biological point of view. It has been
shown that PaaA2 is extremely sensitive
to proteolytic degradation in vivo (Hallez
et al., 2010). However, in comparison
with a random-coil IDP, this compact-
ness could serve to reduce the antitoxin’ssensitivity to proteolysis in order to preserve the intricate balance
necessary for the regulation and function of the paaR2-paaA2-
parE2 module. Indeed, it seems that the proteolysis of the anti-
toxin seems to be an important regulation mechanism in type II
TA systems (Brzozowska and Zielenkiewicz, 2013). For instance,
for the hipBA TAmodule, it has been shown that the activation of
the HipA toxin depends on the amount of HipB antitoxin in the
cell and that the degradation of HipB plays an important role in
the regulation of the hipBA system (Rotem et al., 2010; Hansen
et al., 2012).
Second, the structural study of PaaA2 reveals that the anti-
toxin is a monomer composed of two a helices connected by
a highly flexible linker. Interestingly, these pre-existing a helices
align well with the toxin-binding elements of the archetypal RelB
antitoxins. Therefore, we hypothesize that these helices act as
molecular recognition elements that allow PaaA2 to efficientlyª2014 Elsevier Ltd All rights reserved 861
Figure 6. Schematic Model for the Roles of PaaA2 in the Context of ParE2 Neutralization, Oligomerization of the ParE2-PaaA2 Complex, and
DNA Recognition
PaaA2 exists in solution as two preformed a helices (helix 1 and 2 colored in cyan and orange, respectively) connected by a highly flexible linker (depicted in
black). The N and C termini (shown in gray) of PaaA2 are disordered in the unbound state. The two preformed a helices serve as initial contact points for efficient
neutralization of the toxin (1). Upon binding of ParE2 (shown in red), the a helices extend thereby locking down the toxin-antitoxin interaction, which in turn causes
the N terminus to adopt an a-helical structure (2). Through this newly formed ‘‘dimerization’’ helix, the oligomerization process toward attaining the final het-
erododecameric state may be initiated (3). Finally, the heterododecamer may recognize and bind the operator DNA (4).
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Conformational Ensemble of PaaA2bind the ParE2 toxin. Given that the helices are preformed,
PaaA2 probably interacts with its cognate toxin through the
mechanism of conformational selection: i.e., many IDPs are
not fully disordered, but rather adopt a number of conforma-
tions that favor their bound state (Wright and Dyson, 2009;
Tompa, 2011). This strategy is recurrent for IDPs because,
compared with the fully disordered state, the occurrence of pre-
formed elements would kinetically and energetically be more
favorable for the recognition and binding of their target partner
(Fuxreiter et al., 2004). Moreover, the role of PaaA2 possibly ex-
tends beyond just toxin neutralization. Recently, it has been
shown that the ParE2-PaaA2 complex consists of a stable het-
erododecamer in solution (Sterckx et al., 2012) and that this
toxin-antitoxin complex binds the promoter region of the
paaR2-paaA2-parE2 module in vivo (Hallez et al., 2010). For
many examples, the importance of intrinsically disordered seg-
ments in DNA-protein interactions has been recognized (Fux-
reiter et al., 2011). Based on the binding of PaaA2 to ParE2
through conformational selection, a model encompassing the
role of PaaA2 in toxin neutralization, oligomerization of the
toxin-antitoxin complex, and subsequent DNA recognition
(and thus autoregulation of the TA operon) may be proposed
(Figure 6). Although it is conceivable that PaaA2 has an impor-
tant part to play in these processes following toxin recognition
and binding, this remains speculative without further experi-
mental evidence.
EXPERIMENTAL PROCEDURES
Production and Purification of E. coli O157 PaaA2
The gene coding for PaaA2 was cloned and expressed in E. coli as described
before (Sterckx et al., 2012). The used construct equips PaaA2 with an N-ter-
minal FLAG tag and ParE2 with a C-terminal His tag. The purification of the
ParE2-PaaA2 complex was performed as described previously (Sterckx
et al., 2012). PaaA2 was obtained from the ParE2-PaaA2 complex via an
unfolding/refolding protocol (see Supplemental Information).862 Structure 22, 854–865, June 10, 2014 ª2014 Elsevier Ltd All righAnalytical SEC and DLS
Analytical SEC experiments were performed using a Superdex 75 HR 10/
30 column (GE Healthcare) pre-equilibrated with running buffer (20 mM
phosphate, pH 6.6, 500 mM NaCl) for at least one column volume. A
500 ml PaaA2 sample at a concentration of 2 mg/ml was injected and
eluted with a flow rate of 0.3 ml/min. The column was calibrated with mo-
lecular-mass standards from Bio-Rad under the same conditions, and the
apparent molecular mass of PaaA2 was determined according to Uversky
(1993). DLS experiments were performed on a DynaPro plate reader
(Wyatt Technology) in 20 mM phosphate, pH 6.6, 500 mM NaCl at room
temperature. Data were acquired for different concentrations (typically
1–10 mg/ml).
CD Spectroscopy
CD spectra were recorded on a J-715 spectropolarimeter (Jasco). Continuous
scans were taken using a 1 mm cuvette, a scan rate of 50 nm/min, a band
width of 1.0 nm, and a resolution of 0.5 nm. Six accumulations were taken
at room temperature in 20 mM phosphate, pH 6.6, 150 mM NaCl, and
a PaaA2 concentration of 0.2 mg/ml. The raw CD data (ellipticity q in mdeg)
were normalized for protein concentration and the number of residues ac-
cording to Equation 1, yielding the mean residue ellipticity ([q] in
deg,cm2,mol1)
½q= q,Mr
n,C,l
; (Equation 1)
where Mr, n, C, and l denote the molecular mass (Da), the number of amino
acids, the concentration (mg/ml), and the cuvette path length (cm), respec-
tively. Thermal unfolding experiments were performed by gradually increasing
the temperature from 278 to 368 K at a constant rate of 1.5 K/min. To follow the
change in a helicity, the mean residue ellipticity was plotted as a function of
temperature.
NMR Assignment and Relaxation Experiments
For the NMR experiments, a uniformly labeled 13C-15N PaaA2 sample was
produced in Spectra9 medium (Cambridge Isotope Laboratories) and sub-
sequently purified as described. The final sample contained 1 mM protein
(20 mM phosphate, pH 6.6, 500 mM NaCl) and 10% D2O for the lock. All
NMR spectra were acquired at 25C on a Varian NMR Direct-Drive Systems
599.78 MHz spectrometer equipped with room temperature triple-resonance
PFG-Z probe. The details concerning recorded spectra, data processing,ts reserved
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Conformational Ensemble of PaaA2relaxation analysis, andmodel-free analysis are described in the Supplemental
Information.
RDC Experiments
Experimental 1H-15N RDCs were measured for PaaA2 at 0.33 mM in 20 mM
phosphate, pH 6.6, 500 mM NaCl. The sample was measured on a 600 MHz
Varian spectrometer at 25C. The protein was aligned in a suspension of
filamentous phages (14 mg/ml) giving rise to a D2O splitting of 15.3 Hz. The
RDCs were measured in an HNCO-type experiment modified to allow for
spin couplingmeasurements in the 13C dimension (Rasia et al., 2011). Theoret-
ical 1H-15N RDCs were calculated from each of the structures in the derived
model ensemble using PALES (Zweckstetter and Bax, 2000) and subsequently
averaged over all conformers.
SAXS
SAXS studies were conducted at the X33 Beamline (DESY, Hamburg,
Germany). Prior to analysis, the sample was dialyzed into a buffer matching
the NMR conditions (50 mM MES, pH 6.6, 500 mM NaCl) and concentrated
(Amicon Ultra UltraCel 3K). Aliquots of the sample were prepared at dif-
ferent concentrations (1, 3, 6, and 10 mg/ml). The dialysis buffer was filtered
(0.22 mm) and kept as a buffer blank for the experiments. Scattering
curves were collected for the different protein concentrations, and buffer
data were collected before and after each sample measurement. At low salt
conditions, aspecific oligomerization interfered with the SAXS analysis (data
not shown), which was alleviated by increasing the conductivity of the exper-
imental conditions. Although the use of high salt concentrations substantially
improved the quality of the data, a slight concentration dependency was still
noticeable. Therefore, the scattering curves collected at different concentra-
tions were used to obtain a final zero concentration scattering curve through
extrapolation (Mangenot et al., 2002; Miyamoto et al., 2010). The information
on data collection and derived structural parameters is given in Table S2 ac-
cording to the guidelines provided by Jacques et al. (2012).
Model Ensemble Calculation
The results obtained from the NMR and SAXS experiments were combined in
search of the model conformational ensemble that describes well the solution
behavior of PaaA2. In the first step, a pool of 5,000 structures was generated
based solely on the NMR data (CS and NOEs; Table 1) through a modified
NMR structure calculation protocol. Model ensembles of varying size (N)
were selected from the 5,000-member starting pool using the recorded
SAXS data through EOM. Because the c2 values reported by EOM are very
similar (1.43 ± 0.08), they could not be used on their own to select a model
ensemble that best fits the experimental. This is why the search protocol was
refined by applying a block jackknife procedure on the EOM-derived SAXS en-
sembles. The details of the calculation method are reported in the Supple-
mental Information. The scripts used for the SAXS block jackknife calculations
are available upon request. The statistics of the final model conformational
ensemble of PaaA2 are reported in Table 1.
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